Candida albicans is a ubiquitous commensal member of the human microflora, and infections with this fungus are a particular problem in immune-compromised patients. C. albicans is a dimorphic fungus in which the yeast-to-mycelium transformation is influenced by a variety of environmental factors, and the first stage in this transition is the formation of a germ tube.
, and this reaction is essential for maintaining the redox balance in the cytoplasm of fermenting cells. 8) C. albicans AD H mRNA provides an index of anaerobic proliferation of C. albicans. However, ADH mRNA of C. albicans is remarkably expressed in the early stages of hyphal formation cultured under aerobic conditions, 9) suggesting that glucose metabolism varies in the growth phase. As the sensitivity of C. albicans to antifungal drugs is dependent on respiratory conditions, 4) analysis of the respiration system of C. albicans is important to establish useful treatment for this fungal infection.
In this study, we examined the respiration system of C. albicans in lag and log growth phases.
MATERIALS AND METHODS
Strain Candida albicans NIH A-207 yeast cells were maintained in Sabouraud's liquid medium with shaking at 27°C for 48 h. The cells were resuspended in RPMI1640 medium (Nissui Pharmaceutical Co., Ltd.) for hyphal formation and incubated at 37°C in 5% CO 2 .
Growth Rate of C. albicans Cultured under Aerobic and Anaerobic Conditions C. albicans was suspended in RPMI1640 medium or glucose-free RPMI1640 medium and incubated in 5% CO 2 . To produce anaerobic conditions, these media were supplemented with 20 mg/ml sodium sulfite as an oxygen absorbent. Growth rates were monitored spectrophotometrically by the absorbance at OD 620 , and calculated as the number of cells.
Relative Concentration of Ethanol C. albicans (5ϫ10 5 cells/ml) was incubated in RPMI1640 medium at 37°C in 5% CO 2 . The culture supernatant was harvested every 1 h for 6 h. The culture supernatants were heat-treated (80°C, 15 min), and the ethanol concentration in each supernatant was detected by F-Kit (R-Biopharm AG). The growth of C. albicans in this condition was monitored spectrophotometrically by the absorbance at OD 620 . Relative concentrations of ethanol during 1 h were calculated using the following formula: relative concentration of ethanolϭ[ethanol concentration at t nϩ1 (g/l)/OD 620 at t nϩ1 ]Ϫ[ethanol concentration at t n (g/l)/OD 620 at t n ] (tϭhour). Effect of Oligomycin on the Growth of C. albicans C. albicans (5ϫ10 5 cells/ml in RPMI1640 medium) was incubated with oligomycin (6 mg/ml) (Nacalai Tesque, Inc.) at 37°C in 5% CO 2 . Growth rates were monitored spectrophotometrically by the absorbance at OD 620 , and calculated as the number of cells.
Amount of SDH2 mRNA in C. albicans C. albicans (1ϫ10 5 cells/ml in RPMI1640 medium) was incubated at 37°C in 5% CO 2 for 2, 3, 4 and 5 h. After the incubation, the cells were harvested by centrifugation, resuspended in Zymolyase buffer [10 mg/ml Zymolyase 100T (Seikagaku Co.), 0.9 M sorbitol, 0.1 M EDTA-Na, 50 mM DTT (pH 7.5)], and then incubated at 37°C for 20 min. Total RNA was extracted by a Total RNA Purification kit, MagExtractor (Toyobo Co., Ltd.), mixed with dNTP mix (Toyobo Co., Ltd.), Random hexamers (Roche), and then incubated at 70°C for 3 min. M-MLV Reverse Transcriptase (Ambion Inc., U.S.A.), 10ϫRT buffer (Ambion Inc., U.S.A.) and RNase inhibitor (Promega Co., U.S.A.) were added to this mixture and incubated at 42°C for 1 h. The reaction was terminated by heating at 92°C for 10 min, and the resulting mixture was used as a cDNA solution. The relative expression of SDH2 mRNA in cDNA was analyzed by a 7500 Real Time PCR System (Applied Biosystems, U.S.A.). Gene arrangement of SDH2 was referenced using the Entrez System of the National Center for Biotechnology Information (U.S.A.). PCR primer and TaqMan MGB probe were designed using Primer Express (Applied Biosystems, U.S.A.). The results are shown as the relative expression against 18s rRNA.
RESULTS
Growth Rate of C. albicans Cultured under an Aerobic or Anaerobic Condition C. albicans was suspended in RPMI1640 medium and incubated at 37°C in 5% CO 2 . The doubling time of 0-3 h was 2.0 h and the time of 3-6 h was 1.2 h, thus we estimated the former period was the lag growth phase and the latter period was the log growth phase (Fig. 1) . To investigate the influence of oxygen on the growth, we added sodium sulfite to the medium. The growth rate of the lag growth phase was not affected by sodium sulfite, but that of the log growth phase was inhibited. These results suggest that the cells in the log growth phase used oxygen for growth.
Influence of Glucose on the Growth Rate in Aerobic or Anaerobic Condition C. albicans suspended in RPMI1640 medium or glucose free RPMI1640 medium was cultured with/without sodium sulfite, and the growth rate was measured. In anaerobic conditions by sodium sulfite, cell growth was completely inhibited in the glucose-free RPMI1640 medium, whereas cells were able to grow in RPMI1640 medium containing glucose. Thus, we suggested that the glycolysis pathway was the major energy source under anaerobic conditions. On the other hand, in aerobic conditions, C. albicans could also grow in glucose free media, indicating that C. albicans can also obtain its growth energy glycolysisindependently (Fig. 2) .
Analysis of Respiration Pathway under Aerobic Condition
Glucose is metabolized to pyruvate in the glycolysis pathway, and the pyruvate is incorporated into the TCA cycle under aerobic conditions. However, pyruvate is not incorporated into the TCA cycle under anaerobic conditions, in which case the accumulated pyruvate is reduced to ethanol. Thus, we monitored ethanol production to analyze the respiration pathway of C. albicans. Ethanol production was increased at the lag growth phase, whereas the production was decreased at the log growth phase (Fig. 3) . These results suggest that C. albicans respirates anaerobically at the lag growth phase, and the respiration pathway shifted to aerobic respiration at the log growth phase.
Effect of Oligomycin on the Growth of C. albicans ATP is produced by the glycolysis pathway or by oxidative phosphorylation. We thus measured the effect of oligomycin, an inhibitor of oxidative phosphorylation (complex V), 10) on the growth of C. albicans. Oligomycin did not affect the growth of C. albicans at the lag growth phase, but remarkably inhibited growth at the log growth phase (Fig. 4 ). Antimycin A, an inhibitor of the electron transport system, 11) also inhibited growth at the log growth phase (data not shown).
Relative Expression of SDH2 mRNA To monitor the function of the electron transport system, we measured the expression of SDH2 mRNA encoded succinate dehydrogenase. As shown in Fig. 5 , the level of SDH2 mRNA was low at the lag growth phase and high at the log growth phase, indicating that the electron transport system was activated at the log growth phase.
DISCUSSION
C. albicans is a dimorphic fungus and can grow under both aerobic and anaerobic conditions. 3, 4) In this study, we analyzed the respiration pathway of C. albicans in both lag and log growth phases. To analyze the respiration system in the growth of C. albicans, we measured the growth rate of C. albicans cultured under both aerobic and anaerobic conditions. The growth rate of C. albicans in the lag growth phase was not influenced by sodium sulfite, but that in the log growth phase was remarkably inhibited (Fig. 1) . These findings suggested that oxygen was used in the log growth phase, but not in the lag growth phase. To clarify the role of glucose in aerobic or anaerobic cultivation, C. albicans was cultured with and without glucose in RPMI1640 medium. C. albicans was able to grow under aerobic conditions both with and without glucose (Fig. 2) , suggesting that C. albicans produces ATP in a glycolysis-independent manner, such as through b-oxidation. Under anaerobic conditions, the growth of C. albicans was completely inhibited in glucose-free RPMI1640 medium. These results indicate that the energy for proliferation was supplied only via the glycolysis pathway in the anaerobic condition. We examined ethanol generation as an indicator of anaerobic respiration, because ethanol is known to be an anaerobic metabolite. As shown in Fig. 3 , ethanol production was increased in the lag growth phase, but decreased in the log growth phase. A gene encoding alcohol dehydrogenase, ADH, in C. albicans was remarkably expressed in the early stage of incubation in blood medium. 9) These findings suggest that C. albicans respirates aerobically in the log growth phase and anaerobically in the lag growth phase. To confirm these observations, the effect of oligomycin on the proliferation was measured. When oligomycin was added to the aerobic growth condition, the growth in the log growth phase was remarkably inhibited (Fig. 4) . Oligomycin inhibited the function of complex V, which generates ATP from ADP in oxidative phosphorylation. Thus, we suggested that mitochondrial respiration was strongly related to the growth of the log growth phase. As oligomycin did not influence the growth of the lag growth phase, the electron transport system did not relate to the growth of the lag growth phase. Succinate dehydrogenase (SDH), bound to the mitochondrial inner membrane, is an enzyme of the TCA cycle; it oxidizes succinate to fumarate to transfer the electrons into the respiratory chain via ubiquinone. 12) SDH2 is an iron protein subunit of SDH in mitochondria. 13) We measured the expression of SDH2 mRNA to estimate the activation of the electron transport system. The expression of SDH2 mRNA was low in the lag growth phase and high in the log growth phase (Fig. 5) , indicating that the electron transport system was activated in the log growth phase but not in the lag growth phase. The glycolysis pathway generates two ATP molecules in the cytoplasm, and glucose is metabolized to acetyl CoA via pyruvate. Acetyl CoA enters the TCA cycle in the mitochondria and then NADH is generated by acetyl CoA metabolism under aerobic conditions. Reoxidation of NADH through the mitochondrial respiratory chain results in a net gain of 32 ATP molecules. Under anaerobic conditions, the glycolysis pathway also generates 2 ATP molecules, but generation of ATP by the mitochondrial respiratory chain is not found. Therefore, the proliferation of C. albicans was decreased in anaerobic conditions more than in aerobic conditions (Fig. 2) . In the lag growth phase, C. albicans prepared ATP production through aerobic respiration, then when preparation was complete, C. albicans was able to grow.
We concluded that C. albicans obtained ATP by fermentation at the lag growth phase and needed oxygen to generate ATP by oxidative phosphorylation at the log growth phase. C. albicans (1ϫ10 5 cells/ml) was incubated in RPMI1640 medium at 37°C in 5% CO 2 . After the incubation, the cells were harvested and the relative expression SDH2 mRNA was measured, as described in Materials and Methods. The data represent mean values of three independent experiments.
